Abstract-In this paper, a cross-slot-coupled dual-band circularly polarized (CP) hybrid dielectric resonator antenna (DRA) is presented. The design concept is based on using a cross-slot as both a feeding structure of the DRA and an effective radiator. Full wave simulation is used to verify the proposed design concept in this paper. A prototype antenna is designed, fabricated, and measured. Good agreement is obtained between the simulated and measured results.
INTRODUCTION
The dielectric resonator antenna (DRA) [1, 2] has a number of inherent advantages, such as small size, wide bandwidth, and low loss. These features make DRA an attractive candidate for many applications. With the development of wireless communication systems, DRAs with dual-band performance have been widely investigated [3] [4] [5] . Hybrid DRA [6] [7] [8] [9] [10] [11] [12] technology is a viable candidate for realizing dual-band operation. A direct approach to designing a hybrid DRA is to introduce an extra slot resonator [9] . However, this method will lead to a complicated antenna configuration. A simpler approach to designing a hybrid DRA is to take advantage of the resonance of the feeding structure. In [10] , a compact wideband DRA was obtained by merging the resonances of the slot coupled DRA and the DR loaded slot. In [11] , an ultra-wideband hybrid antenna was proposed by combining the annular DRA with a monopole that simultaneously acts as a feed structure and a radiator. And a dual-band hybrid DRA fed by a coplanar waveguide has been reported in [12] .
In those studies, the hybrid DRAs are designed based on the first order approximation model [14] , that is, the resonances of the dielectric resonator (DR) and the feeding structure are independent. For example, in [10] the dielectric waveguide model (DWM) method [13] is used to calculate the resonant frequency of the DR, and an approximate formula for computing effective permittivity is used to estimate the resonant frequency of the slot. In reality, the DR is placed on a ground plane with a coupling slot, which is not considered in the DWM. The introduction of the coupling slot will influence the resonance of the DR, but it has not been discussed. Moreover, the effects of the cross-sectional dimensions of DR and substrate on the resonance of the slot are not included in the approximate formula for effective permittivity.
As we know, antennas with circular polarization (CP) [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] can reduce polarization mismatch between transmitting and receiving antennas in wireless communication systems. However, most of the previous work on the hybrid DRAs, which makes use of the resonance of the feeding structure, was primarily concentrated on linearly polarized designs. And only a few such antennas with dual-band CP performance have been reported. In [15] , a wideband CP hybrid DRA coupled by four sequentially rotated slots was proposed. A quite complex feeding network is employed in this design in order to realize 90 • phase difference among the four slots. Dual-band circularly polarized hybrid DRA can also be obtained by combining DRA with a zonal slot antenna [23, 24] . However, the sizes of the hybrid CP DRAs in [23, 24] are large because of the introductions of the conducting cavity.
In this paper, effects of coupling slot on the resonances of the DR and effects of the cross-sectional dimensions of the DR on resonances of the cross-slot are studied. Based on the discussion, a crossslot-coupled dual-band CP DRA is presented by using the concept of hybrid DRA. The cross-slot can be regarded as both a feeding structure of the DRA and a ceramic-loaded cross-slot antenna. A dualband CP antenna can be obtained when the dimensions of the cross-slot are properly chosen. The hybrid operation of the proposed DRA is demonstrated. Several key parameters and their effects on the performances of the proposed antenna are studied, and the results are presented and discussed.
DESIGN CONCEPT
The geometry of the proposed cross-slot-coupled dual-band CP hybrid DRA is shown in Figure 1 . The structure of the proposed antenna is very simple. It is made up of two parts: a rectangular DR and a microstrip line fed cross-slot fabricated on the substrate. The DRA has dimensions of a × b × c, and dielectric constant of ε r . The width of the cross-slot is w, and the arm lengths of the cross-slot are l 2 = l and l 1 = l + ∆l. The slot arm with length of l 1 is named as arm 1, and the slot arm with length of l 2 is named as arm 2. The grounded substrate has dimensions of l g × l g × t and dielectric constant of ε s . For achieving a good impedance matching at both bands, the fed line consists of a 50 Ω microstrip line, which has a length of l m1 and a width of w m1 , and an impedance transformer with l m2 and w m2 .
The proposed antenna is designed as a hybrid CP antenna. It can be regarded as the combination of a cross-slot-coupled DRA and a ceramic-loaded cross-slot antenna. For the cross-slot-coupled DRA, radiating structure is the DR on the ground plane, and feeding structure is the cross-slot. In this design, the lowest two modes in the rectangular DR are excited with a 90 • phase difference to realize CP operation. For the ceramic-loaded cross-slot antenna, cross-slot is the radiating structure and the DR acts as a superstrate. The slots resonate at approximately λ g /2, where λ g = λ 0 / √ ε eff is the guided wavelength of the equivalent magnetic current in the slot sandwiched between substrate and DR. The effective permittivity ε eff is estimated by
where (ε s , t), (ε r , c) are the permittivities and heights of the substrate and DR, respectively. In this design, the cross-slot-coupled DRA is for the lower band and the ceramic-loaded cross-slot antenna for the upper band. The proposed antenna is right-hand circularly-polarized (RHCP) at both bands because l 1 > l 2 . Figure 1 . Configuration of the cross-slot-coupled dual-band CP hybrid DRA.
The full wave simulator Ansoft HFSS [26] based on finite element method is used to calculate the resonant frequencies and fields of the modes in the DR and cross-slot in this paper. modes as functions of l are shown in Figure 4(b) . Based on the data shown in Figure 4 , it is convenient to justify a dual-band antenna is a hybrid DRA or a DRA taking advantage of the higher order modes. 
PARAMETER ANALYSIS AND DISCUSSION
A prototype antenna with parameters shown in Table 1 was designed by HFSS. The simulated input impedance and return loss are shown in Figure 5 . There are four resonances within the frequency band of 1.70-2.90 GHz, which occur at f 1 = 1.86 GHz, f 2 = 1.97 GHz, f 3 = 2.53 GHz and f 4 = 2.69 GHz, respectively. The resonant frequencies of the T E 111 and T E 113 modes of the DR and the lowest two resonant frequencies of the cross-slot are listed in Table 2 to justify the hybrid operation of the DRA. The resonant frequencies of the T E 111 modes and cross-slot are obtained from Figure 4 (a) and that of the T E 113 modes are obtained from Figure 4 (b). Form Table 2 , f 1 and f 2 corresponding to the T E arm1 111
and T E arm2 111 modes of the DR, respectively, and f 3 and f 4 are due to the resonances of the cross-slot. The resonant frequencies of DRA are not equal to that of the DR and cross-slot because the microstrip feed line has effects on the position of the resonances of the DRA [10] . This provides evidence that the proposed antenna is a dual-band hybrid DRA. The cross-slot-coupled DRA is for the lower band and the ceramic-loaded cross-slot antenna is for the upper band.
In order to investigate the effects of some key parameters on the antenna performances at the two bands, parameter analysis is performed. Figure 6 , the length l has a significant impact on the CP performance at both bands. To improve the CP performance of the antennas with l = 17.6 mm and l = 21.6 mm, the values of ∆l are optimized, and the results are shown in Figure 7 . It can be found that for a fixed value of l, ∆l can be adjusted to improve the AR in the upper band of the antenna, but good CP performance in the lower band cannot be achieved. Simulated AR for different values of w is shown in Figure 8 . Figure 9 shows the simulated results of the antenna when l m2 and w m2 are varied. And Figure 10 shows the simulated results of the antenna when l m1 and w m1 are varied. From Figure 9 and Figure 10 , good impedance matching can be achieved by optimizing the dimensions of the stepped microstrip line, while it does not harm the AR of the proposed antenna. The dimensions of the feeding line have significant effects on antenna gain. The main reason is that the return loss of the proposed antenna changes along with the dimensions of the feeding line. Figure 11 shows the effects of cross-slot parameters on antenna gain, when impedance matching is (a) (b) (c) Table 3 . Effects of ground size l g on the front-to-back ratio at the two CP operating frequencies.
Front-to-back ratio (dB) l g = 50 mm l g = 5 mm l g = 100 mm Lower frequency 3.9 8. and slot modes. And that is the reason why the dimensions of cross-slot affect the antenna gain at both the two bands. The simulated radiation patterns of the proposed antenna at the center frequencies of the two CP bands (1.94 and 2.68 GHz) are shown in Figure 12 . As shown in Figure 12 , the front-to-back ratio of the proposed antenna at 2.68 GHz is much higher than that at 1.94 GHz. The effects of ground size l g on the front-to-back ratio at the two CP operating frequencies are shown in Table 3 . When l g increases from 50 mm to 100 mm, the front-to-back ratio at the lower frequency increases from 3.9 dB to 10.6 dB (171.8% increase) while that at the upper frequency decreases from 16.5 dB to 15.5 dB (6.1% decrease). The reason why it increases 171.8% at the lower frequency is that the backlobe radiation of a DRA is introduced by the finite ground plane. Thus a big ground plane will lead to a high front-to-back ratio. For a slot antenna, the front-to-back ratio is decided by the materials on the two sides of the slot antenna [27] , so it is slightly sensitive to the size of the ground plane.
MEASURED RESULTS
The proposed antenna with parameters shown in Table 1 was fabricated and measured. The measurements were performed using an Agilent vector network analyzer and a SATIMO measurement system. Figure 13 (a) shows the simulated and measured ARs in the boresight direction. The antenna has two operating frequency bands of CP. The measured 3-dB AR bandwidth of the lower band is 3.0% (1.97-2.03 GHz). And the measured 3-dB AR bandwidth of the upper band is 3.5% (2.79-2.89 GHz). As shown in Figure 13 (b), the measured impedance bandwidths (S 11 < −10 dB) are 14.0% (1.80-2.07 GHz) and 12.8% (2.57-2.92 GHz), which cover the lower and upper 3-dB AR bandwidths, respectively. From Figure 13 , the measured center frequency of the upper band is higher than the simulated one. This is caused by the air gap [28] , which is not existent in the simulations in Section 3, between the DR and the ground plane. The simulated results of the proposed antenna with 0.03 mm air gap are shown in Figure 13 . As shown in Figure 13 , the measured results agree well with simulated ones when the air gap is 0.03 mm.
The measured radiation patterns of the proposed antenna at 2.00 and 2.84 GHz are shown in Figure 14 . The radiation patterns are symmetrical in both x-z and y-z planes at 2.00 and 2.84 GHz. [23] 5.76 3.5% 4.9% H = 0.64λ 0 , L = 0.60λ 0 DRA in [24] 5.17 3.3% 3.7% H = 0.54λ 0 , L = 0.57λ 0
From Figure 15 , the measured RHCP gain of the proposed antenna appears to be 4.7 dBi at 2.00 GHz and 5.6 dBi at 2.84 GHz, respectively. Comparisons between the proposed antenna and the published dual-band CP hybrid DRAs are given in Table 4 . From Table 4 , the 3-dB AR bandwidths of the proposed antenna are comparable with that of the antennas reported in [23, 24] . However, the size of the proposed antenna is much more compact than those of the two antennas reported in [23, 24] .
CONCLUSION
In this paper, a cross-slot-coupled dual-band CP hybrid DRA has been proposed. By using the crossslot as both a feeding structure of the DRA and an effective radiator, a dual-band CP DRA has been obtained. Full wave simulations on the resonant modes of the DR and cross-slot are carried out to justify the hybrid operation of the proposed design. The effects of several key parameters are presented and discussed. Prototype of the proposed antenna has been constructed to certify the validity of the design concept. The discrepancies between the simulated and measured results are explained.
